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The  effect  of  stoichiometric  concentration  (x) and  calcination  temperature  on  the  lattice  constant  and  par-
ticle size  of Mn1−xZnxFe2O4 was investigated  while  using  co-precipitation  method  to  prepare  nano-sized
ferrite  particles.  Crystallographic  studies  were  used  to  determine  the  lattice  constant  and  particle  size.
The  process  variable  values  (concentration  (x) and  calcination  temperature)  for  13  runs were  proposed
using  response  surface  methodology  (RSM).  Optimized  values  predicted  by  RSM  for  the  concentrationvailable online 17 October 2013
eywords:
n–Zn ferrite
o-precipitation
alcination temperature
and  calcination  temperature  were  0.74  and  996 ◦C respectively,  for lattice constant  8.36625 A˚ and  parti-
cle size  14.81  nm.  The  optimization  of  parameters  by  using  RSM  may  be  helpful  in  the  synthesis  low  cost
manganese  zinc  ferrite  using  the  co-precipitation  technique.
© 2013  The  Ceramic  Society  of  Japan  and  the  Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. All  rights  reserved.
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. Introduction
In the co-precipitation process, molar solution ratios and cal-
ination temperatures play a critical role in the formation of low
imension, ﬁne Mn–Zn ferrite particles [1]. It has been observed
hat, depending on the preparation technique, ferrite particles of
qual compositions differ in their magnetic properties [2]. One of
he factors for such a kind of behavior is considered to be due to the
ifferences in particle size which needs to be controlled to achieve
etter magnetic properties. The magnetic properties of nano-
ize Mn–Zn ferrite, prepared using co-precipitation technique,
trongly depend on cation distribution and lattice parameters
3,4]. Currently there are three main methods for synthesizing fer-
ite nanoparticles in solution: chemical co-precipitation [2,5,6],
icroemulsion [7,8] and decomposition of metal organic salts
9,10]. Co-precipitation is the least expensive method and readily∗ Corresponding author. Tel.: +92 3447467820.
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[vailable nanoparticles are produced in large quantities in a rela-
ively short period of time. However achieving the desired size and
agnetic properties of Mn–Zn ferrite from solution-based synthe-
is techniques is still a challenge. Previously attempts were made
o synthesize low-size, high magnetic Mn–Zn ferrite particles by
sing the co-precipitation method [11]. The growth-assisted co-
recipitation process gave highly magnetic ferrite particles with an
verage crystalline size of 12 nm [1]. Spinel ferrite was  synthesized
nd the average particle size obtained from XRD was  5–65 nm by
intering the samples between 120 ◦C and 900 ◦C [12]. The effect of
ifferent variables such as concentration, digestion time and diges-
ion temperature on the magnetic and structural properties of the
articles has been reported previously [13].
In this paper, we  report on the preparation of Mn1−xZnxFe2O4
articles for which the optimum estimated cation concentration
grees with the initial stoichiometry (with x varying from 0.25
o 0.75). The calcination temperature was  also varied in order to
btain optimized values for the lattice constant and particle size
hen using response surface methodology (RSM). This methodol-
gy was  performed based on controlled variables of action (factors)
nd response variables derived from quadratic model equations.
ach quadratic model equation was optimized using quadratic pro-
ramming (QP). The purpose of this study was to ﬁnd the optimum
alue of the stoichiometric concentration and calcination tem-
erature needed to obtain a lattice constant within the range of
.30–8.40 and particle size less than 15 nm.In this research work, the lattice constant and particle size of the
ynthesized Mn–Zn ferrite were calculated by using XRD patterns
12]. Finally, an attempt was made to achieve the optimum range of
3  Ceramic Societies 1 (2013) 333–338
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oncentration (x) and calcination temperature in accordance with
he lattice constant and particle size values based on theoretical
onsiderations resulting from RSM.
. Experimental
Samples with varying concentrations of x (0.25, 0.50 and 0.75)
ere prepared. For each sample the concentrations of both NaOH
nd FeCl3·6H2O were kept constant. The molecular weights of
ll the compounds, i.e. MnCl2·4H2O, ZnCl2, NaOH and FeCl3·6H2O
ere 197.9 g, 136.3 g, 40 g and 162.21 g respectively.
One mole of MnCl2·4H2O contains one mole of Mn,  one mole
f ZnCl2 contains one mole of Zn, one mole of NaOH contains one
ole of Na and one mole of FeCl3·6H2O contains one mole of Fe.
ll the solutions were made using de-ionized water. All the salts
nCl2·4H2O, ZnCl2 and FeCl3·6H2O with different quantities for
ifferent samples were dissolved in 100 mL  de-ionized water solu-
ion. The molarity of NaOH was kept at 3 moles in 100 mL solution.
fter that the solution was placed on magnetic stirrer (50 rps) at
oom temperature. The solution of metallic ions was added drop
y drop into the beaker containing NaOH solution.
After the addition, a dark gray precipitate was  obtained from
he ﬁnal 200 mL  solution. The beaker containing the dark gray pre-
ipitate was placed into a pre-heated water bath. Digestion was
erformed for 120 min  in the water bath at 85 ◦C for each sample.
 ﬁltration process was carried out after attaining pH 7 and then the
amples were dried in an oven at 70 ◦C. After that, the samples were
reated at different calcination temperatures for a constant period
f time (150 min). After the synthesis process the structural and
rystal properties of the Mn–Zn ferrite were characterized using
n X-ray diffractometer. Lattice constants and particle size were
easured from the (h k l) planes obtained in XRD patterns.
.1. Experimental design with multivariate
RSM is a statistical technique that demands quantitative data
rom appropriate experiments to calculate regression model equa-
ion and speciﬁc operating conditions. It is also a collection of
athematical and statistical methods for modeling and analyzing
f different problems in which a response of interest is affected by
everal variables [14]. A standard RSM design called face centered
omposite design (FCCD) was applied in this work to understand
he effect of different variables on particle size of Mn–Zn ferrite.
he FCCD has been widely used for ﬁtting a second-order model
nd it is suitable for minimum number of experiments.
This mathematical model is empirical and it is not important
n the modeling procedure to know the detailed synthesis mecha-
ism. Hence the FCCD was employed in this study. Generally, the
CCD consists of 2n factorial runs with 2n axial runs and nc cen-
er runs with ﬁve replicates [15]. In this model each variable was
nvestigated at two levels. At the same time, the number of runs
or a complete replicate of the design increases as the number of
actors, n, increases. The model was developed using the responses
nd their optimization was carried out using ANOVA to investigate
he statistical parameters by using response surface techniques.
his optimization process is based on three major steps, which are:
erformance of the statistically designed experiments, evaluation
f the coefﬁcients in a mathematical model and prediction of the
esponse.
In this work the independent variables are supposed to be unin-
errupted and controllable by experiments with non-signiﬁcant
rrors. A suitable approximation was required to determine the
rue functional connection between the response surface and
ndependent variables [16]. For that reason the effect of the
o
t
a
tig. 1. Concentration and calcination temperature effect on lattice constant (Å).
ncontrolled factors was  minimized using a randomized experi-
ental sequence.
The FCCD requires a number of experiments including the
tandard 2n factorial with its origin at the center, 2n points ﬁxed
xially at a distance, i.e. from the central point to generate the
uadratic values, and replicate tests at the central point; where n
enotes the number of variables [17]. The axial points are selected
n such way  that they allow readability, which ensures that the vari-
nce of the model outcome is ﬁxed at all possible points equidistant
rom the model center [18,19]. Replicates of the test at the center
lay a vital role as they provide an independent estimate of the
xperimental error. For two  variables, the recommended number
f tests at the center is ﬁve. Therefore, the total number of tests (N)
sed for the four independent variables was:
 = 2n + 2n + nc = 22 + (2 × 2) + 5 = 13 (1)
Once the desired ranges of values of the variables have been
eﬁned, they are coded to lie at ±1 for the factorial points, 0 for
he center points and ±  ˛ for the axial points. Where level 0 of the
ariable stands for the mean level, which is located at the central
oint of the model. We  selected a concentration in the range of
.25–0.75 and calcination temperature 600–1000 ◦C.
. Results and discussion
Optimizing the lattice constant and particle size of Mn–Zn fer-
ite was  the basic motivation for the experiment. However, several
ther things must be considered to ensure that the process is com-
atible and repeatable for the synthesis of Mn–Zn ferrite.
.1. Statistical analysis
The actual and the predicted values of the lattice constant and
article size of Mn–Zn ferrite are shown in Table 1. Actual values
re the experimentally performed response data for a particular
un, and the predicted values are measured from the RSM design.
he difference between the actual and the predicted values were
ompared and it was found that the experimental values are quite
lose to the model provided values.
Fig. 1 indicates the lattice constant along with concentration
nd calcination temperature and it is clear that with increasing cal-
ination temperature, lattice constant decreases, while increasing
oncentration has little affect over the lattice constant. The anal-
gous concentration of Mn  and Zn in the ferrite not only affects
he particle size and lattice constant but also the sharing of cations
t lattice sites of the nanoparticles. In that way  cation sharing is
he result of two mechanisms (a) the metastable cation sharing
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Table  1
Experimental design for the actual and predicted response.
Run Variables Responses
A B R1 (lattice constant) R2 (particle size)
Concentration Temp. (◦C) Actual Predicted Residual Actual Predicted Residual
1 0.25 800 8.41 8.38 0.030 42.37 42.07 0.30
2  0.50 1000 8.39 8.38 0.012 49.08 53.85 −4.77
3  0.25 1000 8.46 8.37 0.092 8.76 14.00 −5.24
4  0.75 1000 8.13 8.10 0.036 49.68 46.61 3.07
5  0.50 800 8.38 8.49 −0.11 40.11 30.80 9.31
6  0.25 600 8.40 8.38 0.025 43.12 42.07 1.05
7  0.50 800 8.06 8.19 −0.13 33.85 30.30 3.55
8  0.50 800 8.40 8.38 0.019 39.63 42.07 −2.44
9  0.50 600 8.44 8.42 0.022 46.51 47.59 −1.08
10  0.50 800 8.40 8.44 −0.034 67.33 60.10 7.23
11  0.50 800 8.41 8.38 
12  0.75 800 8.36 8.36 
13  0.75 600 8.38 8.38 
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◦ ◦ig. 2. Concentration and calcination temperature effect on particle size (nm).
n nanoparticles and (b) certain cations ﬁrm chemical affection to
peciﬁc chemically in-equivalent sites [20].
On the other hand Fe occupation at the tetrahedral site in place
f bigger divalent ions also accomplishes a decrease of the lattice
onstant in nanoparticles. The x composition normally determines
he hyperﬁne parameters of the tetrahedral and octahedral sites.
he cation distribution was supported by X-ray analysis which
epicts that as the lattice parameter increases as a function of
he calcination temperature, defects such as anion vacancies get
educed. This mechanism was realized such that at 600 ◦C other
hases are also prominent rather than at 1000 ◦C. Fig. 2 indicates
(
d
m
a
Fig. 3. Propagation of error for (a) lattice co0.036 42.91 42.07 0.84
0.00 46.04 53.35 −7.31
0.00 37.57 42.07 −4.50
hat particle size decreases slowly as temperature and concentra-
ion increases while along the z-axis a signiﬁcant decreasing trend
as found as temperature and concentration increases together.
hree-dimensional plots were drawn using the RSM to investigate
he effects of the concentration and calcination temperature fac-
ors on the lattice constant and particle size of Mn–Zn ferrite. Based
n the ANOVA results obtained, the concentration and calcination
emperature were found to have signiﬁcant effects on the lattice
onstant and particles. With the help of this statistical model we
ave tried to ﬁnd out the signiﬁcant terms in the variables as shown
n Table 2.
Fig. 3 shows error propagation which ranges between
.06307–0.06382 and 2.1913–2.2777 for the lattice constant and
article respectively. Studentized residuals versus predicted values
re shown in Fig. 4 which indicates that the experimental values
ie within the statistical range. The desired result of the experi-
ent with respect to concentration and calcination temperature
s represented through the overlay plot shown in Fig. 5; the light
ray colored region of the plot gives the desired lattice constant
nd particle size. Numerical optimization of concentration and cal-
ination temperature values is reported in Table 3, at optimized
perating factors the desired value was  found to be 1.00 which
hows that the response was  sure to be achieved. Fig. 6 represents
he X-ray diffraction patterns of Mn–Zn ferrite prepared by the co-
recipitation method for (a) x = 0.25 at 600 ◦C, (b) x = 0.50 at 600 ◦C,
c) x = 0.75 at 600 C and (d) x = 0.25 at 800 C. Fig. 7 shows the X-ray
iffraction patterns of Mn–Zn ferrite prepared by co-precipitation
ethod for (a) x = 0.25 at 800 ◦C, (b) x = 0.50 at 800 ◦C, (c) x = 0.75
t 1000 ◦C and (d) x = 0.50 at 1000 ◦C. It is observed that the
nstant (Å) and (b) particle size (nm).
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Fig. 4. (a) Studentized residuals versus predicted for lattice constant values 
Fig. 5. Overlay plot for the desirability of the experiment.
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Fig. 6. X-ray diffraction patterns of Mn–Zn ferrite for run nand (b) studentized residuals versus predicted for particle size values.
tructure of the Mn–Zn ferrite was in multiple phases. Relatively
ewer multiple phases were observed in run no. 4 where the val-
es of concentration and calcination temperature were close to the
ptimized values proposed by RSM (Table 3).
Four runs (# 7, 8, 10 and 11) have been excluded from Figs. 6–8
o avoid repetition as they have the same values of concentration
x) 0.50 and calcination temperature 800 ◦C. The X-ray diffraction
attern of the sample with minimum particle size is shown in Fig. 8.
his value was  achieved through experiment with the values of
oncentration and temperature at x = 0.75 and 1000 ◦C respectively.
.2. Development of regression model equation
A FCCD was used to develop a correlation between the concen-
ration and calcination temperature for Mn–Zn ferrite to obtain
he desired optimum values of lattice constant and particle size.
xperimental error was determined by using 13 runs at the center
oint. Consort to the sequential model sum of squares, the models
ere chosen based on the F value. The independent variables of
o. (a) 6, (b) 9, (c) 13 and (d) 1 selected from Table 1.
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Fig. 7. X-ray diffraction patterns of Mn–Zn ferrite for run n
Table 2
Analysis of variance (ANOVA) for the ﬁtted models.
Source Sum of squares Degree of
freedom
Mean square F-Value Prob > F
For lattice constant (R2 = 0.742)
Model 0.13 5 0.026 4.04 0.0481*
A 0.025 1 0.025 3.95 0.0872
B  0.055 1 0.055 8.72 0.0213*
A2 7.024E−003 1 7.024E−003 1.11 0.3268
B2 0.026 1 0.026 4.08 0.0833
AB 0.021 1 0.021 3.35 0.1099
Residual 0.044 7 6.320E−003
Lack of ﬁt 0.044 3 0.015 126.56 0.0002*
Pure error 4.612E−004 4 1.153E−004
Core total 0.17 12
For particle size (R2 = 0.852)
Model 1695.75 3 565.25 17.30 0.0004*
A 763.25 1 763.25 23.36 0.0009*
B  831.48 1 831.48 25.45 0.0007*
AB 101.02 1 101.02 3.09 0.1125
Residual 294.04 9 32.67
Lack of ﬁt 270.45 5 54.09 9.17 0.0259*
Pure error 23.59 4 5.90
Core total 1989.80 12
*Signiﬁcant at “Prob > F” less than 0.05.
Fig. 8. X-ray diffraction pattern of Mn–Zn ferrite run no. 4 selected from Table 1.
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to. (a) 5, (b) 12, (c) 3 and (d) 2 selected from Table 1.
he model were signiﬁcant so that the models were not repeated
nd the quadratic model was adopted as proposed by the software
21]. Based on the quadratic model, experiments were planned to
btain 13 trials plus a star conﬁguration for the concentration (0.25,
.50 and 0.75) and for calcination temperature (600, 800, and 1000)
ith their duplicates at the center point. The design of this exper-
ment is given in Table 1, together with the experimental results.
egression analysis was performed to ﬁt the response function of
he concentration and calcination temperature of Mn–Zn ferrite.
attice constant and particle size as a function of time and tem-
erature are represented in the empirical model (Eqs. (2) and (3))
attice constant = +8.38 + 0.064 × A − 0.096 × B
+0.050 × A2 − 0.097 × B2 + 0.073 × A × B (2)
article size = +42.07 − 11.28 × A − 11.77 × B − 5.03 × A × B
(3)
Eq. (2) represents the lattice constant of the prepared
n1−xZnxFe2O4, the mathematical model suggested that the lattice
onstant depends quadratically on the variables A and B (concen-
ration, calcination temperature). With increase of variables A the
attice constant increased from constant factor (8.38) quadratically
y the multiple of 0.064 and 0.050 for linear (A) and quadratic (A2)
erms, respectively. With increase of variable B the lattice constant
able 3
ptimized value of response sheet resistance and doping concentration at optimized
ime (min) and temperature (◦C).
Parameter Response Desirability
A B R1 R2
Optimized value 0.74 996 8.36625 14.81 1.00
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ecreased quadratically by the multiple of 0.096 and 0.097 for lin-
ar (B) and quadratic (B2) terms, respectively. The interaction of
wo variables A and B causes the increase of lattice constant by the
ultiple of constant factor 0.073. Eq. (3) represents the mathemati-
al model for particle size, that mathematical model was  interactive
n terms of the variables A and B. With the rise of variables A and B
he particle size was decreased from the constant factor 42.07 with
ariable A by a constant multiple (11.28), with variable B by a con-
tant multiple (11.77), and by the interaction of variables (A × B)
ith the multiple of a constant factor (5.03).
.3. Optimization by response surface modeling
The main objective of this study was to determine the optimum
rocess parameters for achieving a lattice constant and particle size
f Mn–Zn ferrite particle from the developed mathematical model
quations. The quadratic model equation was optimized using QP
ithin the experimental range studied. The optimum lattice con-
tant and particle size conditions determined for Mn–Zn ferrite
ere a concentration (x) of 0.74 and calcination temperature of
96 ◦C as shown in Table 3.
. Conclusion
In this analysis the role of RSM based on two variables, the con-
entration and calcination temperature, was successfully applied
n the synthesis of Mn–Zn ferrite. FCCD was used to determine the
ffect of concentration (ranging 0.25–0.75) and calcination temper-
ture (ranging 600–1000 ◦C) on the lattice constant and particle
ize of Mn–Zn ferrite. The regression analysis, statistical signif-
cance and response surface were applied using Design Expert
oftware for forecasting the responses in all experimental areas.
odels were developed to correlate variables to the responses.
hrough an analysis of the response surfaces derived from the mod-
ls, the role of concentration cannot be ignored but the calcination
emperature was found to have the most signiﬁcant effect on the
attice constant and particle size of Mn–Zn ferrite. Process opti-
ization was carried out and the experimental values acquired
or the concentration and calcination temperature were found to
gree satisfactorily with the values predicted by the models. The
[
[
[ic Societies 1 (2013) 333–338
ptimum lattice constant and particle size predicted by the math-
matical model were 8.36 A˚ and 14.81 nm,  respectively. Although
dditional experimental trials are required to improve the conﬁ-
ence limits associated with our results, the process variables have
een identiﬁed that result in repeatable values for the lattice con-
tant and particle size and that are compatible with the Mn–Zn
errite synthesis processes.
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